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Loss of Keratin K2 Expression Causes Aberrant
Aggregation of K10, Hyperkeratosis, and Inflammation
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Minoo Ghannadan1, Erwin Tschachler1 and Leopold Eckhart1
Keratin K2 is one of the most abundant structural proteins of the epidermis; however, its biological significance
has remained elusive. Here we show that suprabasal type II keratins, K1 and K2, are expressed in a mutually
exclusive manner at different body sites of the mouse, with K2 being confined to the ear, sole, and tail skin.
Deletion of K2 caused acanthosis and hyperkeratosis of the ear and the tail epidermis, corneocyte fragility,
increased transepidermal water loss, and local inflammation in the ear skin. The loss of K2 was partially
compensated by upregulation of K1 expression. However, a significant portion of K2-deficient suprabasal
keratinocytes lacked a regular cytoskeleton and developed massive aggregates of the type I keratin, K10.
Aggregate formation, but not hyperkeratosis, was suppressed by the deletion of both K2 and K10, whereas
deletion of K10 alone caused clumping of K2 in ear skin. Taken together, this study demonstrates that K2 is a
necessary and sufficient binding partner of K10 at distinct body sites of the mouse and that unbalanced
expression of these keratins results in aggregate formation.
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INTRODUCTION
Keratins are the main cytoskeletal proteins of epithelial cells
including epidermal keratinocytes (Morley and Lane, 1994;
Candi et al., 2005; Moll et al., 2008). Distinct pairs of type I
and type II keratins heterodimerize to form keratin interme-
diate filaments that increase the mechanical resilience of
epithelial cells besides having additional nonstructural roles
(Morley and Lane, 1994; Magin et al., 2007; Pan et al., 2013;
Ramms et al., 2013; Seltmann et al., 2013). Different muta-
tions in keratin genes cause distinct epidermolytic bullous
diseases and certain forms of ichthyoses (Uitto et al., 2007;
Arin, 2009; McLean and Moore, 2011).
Epidermal keratinocytes express keratins in a strictly differ-
entiation stage–dependent manner. K5 and K14 are expressed
in the basal layer, whereas K1, K2, and K10 are confined to
the suprabasal layers (Fuchs, 1990; Collin et al., 1992; Morley
and Lane, 1994; for a review, see Moll et al., 2008). The
primary role of suprabasal keratins is to enhance the
mechanical strength of the epidermis, and mutations in these
keratins lead to epidermal fragility (Omary et al., 2004). The
deletion of K10 causes epidermal thickening and an
enlargement of sebaceous glands (Reichelt and Magin, 2002;
Reichelt et al., 2004). This mild phenotype was attributed to
compensatory upregulation of the basal epidermal keratin K14
(Reichelt et al., 2001). By contrast, the deletion of K1 results in
a defect in skin barrier formation, inflammation, and perinatal
lethality (Roth et al., 2012).
The expression of the type II keratin K2 (formerly K2e; Moll
et al., 2008) is restricted to the uppermost suprabasal layers of
the epidermis (Rentrop et al., 1987; Collin et al., 1992; Herzog
et al., 1994) where it colocalizes with the type I keratin K10
(Smith et al., 1999). In humans, K2 is expressed throughout the
interfollicular epidermis but strongly increased in palmo-
plantar skin and in the epidermis on other mechanically
stressed body sites (Rothnagel et al., 1994; Swensson et al.
1998). This expression pattern has led to the suggestion that K2
provides additional mechanical resilience to the epidermis.
KRT2 mutations that lead to the substitution of amino acid
residues critical for filament formation cause ichthyosis bullosa
of Siemens (Kremer et al., 1994; McLean et al., 1994;
Rothnagel et al., 1994). In this disease cell lysis occurs in
the spinous and granular epidermal layers upon mild stress,
which manifests particularly on soles, palms, knees, and
elbows. Clinically, these lesions are characterized by acan-
thosis, vacuolization of the granular layer, and hyperkeratosis.
Skin inflammation has been observed in this condition
(Basarab et al., 1999). As ichthyosis bullosa of Siemens is
caused by mutated K2 proteins that act in a dominant-negative
manner, the symptoms of ichthyosis bullosa of Siemens
are not informative about the physiological function of
normal K2.
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Here we investigate the role of K2 in epidermal homeostasis
by defining the expression patterns of suprabasal keratins in
the mouse and by generating and characterizing K2-deficient
mice. We show that suprabasal epidermal keratinocytes of
several murine body sites lack expression of K1 while expre-
ssing K2 together with K10. The corresponding sites of K2
knockout mice contain prominent K10 aggregates and
develop epidermal acanthosis and hyperkeratosis as well as
skin inflammation. Together with our finding that K2 forms
aggregates in the absence of K10, our study establishes that
K2/K10 intermediate filaments are essential for normal epi-
dermal morphology at specific body sites.
RESULTS
Keratins K1 and K2 are differentially expressed in the suprabasal
ear and plantar epidermis
The expression patterns of K2 and K1 were determined by
immunofluorescence labeling of the skin from various body
sites of wild-type (WT) mice (Figure 1). K2 was expressed in
the suprabasal layers of the interfollicular epidermis of the
ear with the exception of the infundibulum of hair follicles
(Figure 1a–c). By contrast and surprisingly different from the
situation in human skin, K1 was absent from the interfolli-
cular epidermis of the mouse ear, whereas it was present in
the infundibular regions (Figure 1a). In the back skin, which
is densely covered by pelage hair follicles, K2 was absent,
whereas K1 was expressed throughout the interfollicular
epidermis (Figure 1b). In the tail skin, K1 and K2 were
confined to the interscale regions within which the infundi-
bulum regions of the sparse hair follicles contained K1 and
the region more distant from the hair follicles contained K2
(Figure 1c). On the soles and footpads, K1 and K2 were also
expressed in an alternating pattern (Figure 1d, arrows). All
skin sites that contained either K1 or K2 expressed K10
(Supplementary Figure S1 online). Essentially the same
results were obtained by immunofluorescence analysis of
the mouse strains C57BL/6, mixed 129/C57BL/6, mixed
C57BL/6/Balb/c, and SKH-1. Together, these expression
patterns suggested that the suprabasal epidermis of the
mouse has two mutually exclusive schemes of keratiniza-
tion, one involving the formation of intermediate filaments
made of K1/K10 heterodimers and the other involving the
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Figure 1. Keratins K1 and K2 are differentially expressed in the epidermis of the mouse. (a–d) Immunofluorescence labeling of K1 (red) and K2 (green) in the
skin of the ears (a), back (b), tail (c), and paw (d) of C57BL/6 wild-type mice. Nuclei were counterstained (blue) with Hoechst 33258. Asterisks mark infundibula of
hair follicles. **The image of the paw is a compilation of pictures. (e, f) X-gal staining (blue) of beta-galactosidase expressed under the control of the Krt2
promoter in the tail (e) and toe (f) of Krt2þ / mice. Arrows and arrowheads mark corresponding positions of the toe pad in d and f, whereas # symbols mark scales
in c and e. Bars ¼ 40mm (a, b), 100mm (c), 200mm (d).
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formation of intermediate filaments made of K2/K10
heterodimers.
In an independent experimental approach, the activity of
the murine Krt2 promoter was assessed in mice carrying a
beta-galactosidase reporter gene inserted into one of the two
Krt2 alleles (Supplementary Figure S2 online). Visualization of
beta-galactosidase activity in situ revealed reporter gene
expression in the ear skin (Supplementary Figure S3 online),
in the interscale regions of tail skin (Figure 1e), and in those
regions of the sole and toe pads that lacked eccrine sweat
glands (Figure 1f, for overview and negative control see
Supplementary Figure S3 online). No expression of the
reporter gene was detected in the back skin of heterozygous
mice (not shown) and in any tissue of WT mice that were used
as negative controls (Supplementary Figure S3 online). Thus,
the beta-galactosidase activity staining confirmed the expres-
sion sites of K2 as detected by immunofluorescence analysis of
tissue sections and revealed a highly patterned organization of
Krt2 promoter activity on the tail as well as on the soles and
toe pads. Further investigations were focused on the epidermis
of the ears because of the uniform expression of K2 in the
interfollicular epidermis at this body site.
Targeted deletion of K2 leads to hyperkeratosis, increased water
loss, and localized inflammation
To investigate the role of K2 in vivo, we generated mice in
which both alleles of the Krt2 gene were disrupted (Krt2 / )
(Supplementary Figure S2 online). Krt2 / , Krt2þ / , and WT
(Krt2þ /þ ) mice were born at Mendelian ratios without
macroscopic differences. However, within the first 6 weeks
of life, all Krt2 / mice developed scaly skin on the ears and
hyperkeratotic calluses on the soles and toe pads
(Supplementary Figure S4a and b online), whereas none of
their Krt2þ / and Krt2þ /þ littermates showed this phenotype
(Supplementary Figures S3 and S4 online). Furthermore, the
ears of Krt2 / mice were more pigmented than those of
control mice (Supplementary Figure S4a online). Microscopic
investigation of hematoxylin and eosin–stained skin sections
revealed prominent acanthosis, orthokeratotic hyperkeratosis
in the epidermis of the ear (Figure 2a), and to a lesser extent,
also in the epidermis of the tail and the palm skin of Krt2 /
mice (Supplementary Figure S4c and d online). Cell prolifera-
tion was dramatically enhanced in Krt2 / ear epidermis as
virtually every basal layer cell and also some parabasal
keratinocytes were immunopositive for Ki67 (Supplementary
Figure S4e online). The number of nucleated suprabasal layers
was increased from 1–2 in Krt2þ /þ (Figure 2a) and Krt2þ /
mice (Supplementary Figure S5 online) to 7–8 in Krt2 /
mice (Figure 2a) in which the granular layer was markedly
thickened. Krt2 / keratinocytes differentiated in a partly
disorganized manner and accumulated large coalescent gran-
ules (Figure 2a, arrows). Occasionally, focal suprabasal
cytolysis was observed (Figure 2a, arrowhead).
To determine the functional consequences of K2 deficiency,
we isolated corneocytes and assessed their morphology.
Ear skin of WT mice yielded approximately 80% normally
shaped and 20% defective corneocytes, whereas only
60% apparently normal and approximately 40% severely
misshapen or fragmented corneocytes were obtained from
K2-deficient mice (Figure 2b and c). Transepidermal water loss
was twice as high on the ears of Krt2 / mice as on the
ears of Krt2þ /þ mice (Figure 2d). Together, these results
suggested that K2 is required for the normal stress resilience
of corneocytes and for barrier function of the epidermis on
mouse ears.
Histological investigations suggested the presence of an
inflammatory infiltrate in the ears of Krt2 / mice (Figure 2a),
which was neither observed in the skin of the back (not
shown), tail, or soles (Supplementary Figure S4 online) of these
mice nor in the ears of control mice (Figure 2a). The ears of
Krt2 / mice showed massively elevated expression levels of
thymic stromal lymphopoietin and IL-18 mRNAs but normal
abundance of TNF-a mRNA (Figure 3a). Sections of K2-
deficient ears contained significantly elevated numbers of T
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Figure 2. Deletion of K2 leads to hyperkeratosis, increased water loss, and
decreased corneocyte stability. (a) Hematoxylin and eosin staining of ear skin.
Magnified details are shown in the lower panels. Arrows point to enlarged
keratohyalin granules and an arrowhead indicates cytolysis. (b, c) Corneocytes
were prepared from the ear skin of wild-type (þ /þ ) and K2-deficient ( / )
mice (n¼4 per group) and scored under the microscope for being intact or
damaged (arrowheads). (d) Transepidermal water loss (TEWL) was measured
on the ears of wild-type (þ /þ ) and K2-deficient ( / ) mice (n¼5 per group).
Error bars show standard deviations. *Po0.005, Student’s t-test. Bar¼ 40mm.
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cells (Figure 3b and d) and mast cells (Figure 3c and e). Taken
together, these results suggested that the absence of K2 led to
the weakening of the epidermal barrier and in consequence to
skin inflammation.
Loss of type II keratin K2 leads to alterations in the expression
levels of other cytoskeletal proteins and to aggregation of type I
keratin K10 in the ear epidermis
To investigate the molecular basis for the disturbed epidermal
homeostasis in the ears of Krt2 / mice, we determined the
expression of keratins and other structural components of
keratinocytes. Western blot analysis showed a strong upregu-
lation of the suprabasal keratins K1 and K10, and of the
inflammation-associated keratin K16, whereas the expre-
ssion level of the basal layer type II keratin K5 was not altered
in the ears of Krt2 / mice compared with that of Krt2þ /þ
mice (Figure 4a). Filaggrin and loricrin levels were markedly
increased in Krt2 / ears (Figure 4a). The pattern of filaggrin
bands suggested a normal proteolytic maturation of profilag-
grin in Krt2 / ear skin. Western blot analysis with an anti-
body against the N-terminus of K2 confirmed the absence of
both full-length and truncated K2 proteins in Krt2 / ear skin
(Figure 4a). mRNA quantification by reverse transcription–
quantitative PCRs suggested that differences in protein
amounts of keratins, filaggrin, and loricrin were caused by
changes in the corresponding mRNAs (Supplementary Figure
S6 online).
Immunofluorescence analysis confirmed the changes in
protein abundance and showed altered distribution patterns
of all antigens tested. K5 was redistributed from a strictly basal
layer–specific localization in the Krt2þ /þ epidermis to the
basal and first suprabasal layers in the Krt2 / epidermis
(Figure 4b). Expression of K1 was restricted to the infundibu-
lum of hair follicles in Krt2þ /þ ears but extended to the
interfollicular epidermis in Krt2 / ears (Figure 4b and c).
K10 was abundant in suprabasal keratinocytes of both geno-
types, however, with an aberrant intracellular distribution in a
significant portion of cells in the Krt2 / epidermis (Figure 4b
and c). In the latter cells K10 was not evenly distributed in the
cytoplasm but aggregated into clumps. Double labeling of K1
and K10 showed that K10-positive clumps were present in
cells that contained little or no K1 (Figure 4c). Furthermore,
the deletion of Krt2 induced the interfollicular expression of
K16 (Figure 4b) and K6 (not shown). Filaggrin and loricrin,
which are both involved in the cornification of keratinocytes,
were highly expressed in the thickened granular layer where
filaggrin was located in enlarged keratohyalin granules
(Figure 4b, see also Figure 5b and Supplementary Figure S8b
online). These data suggest that the lack of K2 leads to
abnormal differentiation of keratinocytes and that K1 does
not fully substitute K2 as binding partner for K10 in ear skin,
resulting in the formation of K10 aggregates.
Co-deletion of Krt2 and Krt10 abrogates aggregate formation but
not hyperkeratosis
To further define the nature and impact of the keratin
aggregates in K2-deficient mice, we crossed these mice with
K10-deficient mice (Reichelt et al., 2001) to generate Krt2 /
Krt10 / double knockout mice. Double knockout mice
were viable and developed scaly skin on their ears, similar
to Krt2 / and Krt10 / mice (not shown). The ultrastruc-
tural histology of WT (Krt2þ /þ Krt10þ /þ ), double knockout
(Krt2 / Krt10 / ), and single knockout mice (Krt2 /
Krt10þ /þ and Krt2þ /þ Krt10 / ) was investigated by
electron microscopy. Compared with WT mice (Figure 5a;
Supplementary Figure S7a and b online), all the keratin
knockout mice (Figure 5b–d; Supplementary Figures S8 and
S9 online) showed an increase in the number of epidermal cell
layers and a decrease in the abundance of cytoplasmic keratin
filament bundles in suprabasal cells, which were regularly
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Figure 3. Deletion of K2 leads to inflammation in ear skin. (a) mRNA obtained
from the ears of wild-type (þ /þ ) and K2-deficient ( / ) mice was analyzed by
quantitative PCR for the expression of proinflammatory cytokines. Expression
levels (arbitrary units, a.u.) were calculated relative to that of the housekeeping
gene, beta-2-microglobulin. Representative results from at least three
independent experiments are shown. (b, c) Ear sections were immunostained
for CD3 (b) and stained with toluidine blue to visualize mast cells (arrows) (c).
The border between the epidermis and the dermis is indicated by a dashed
line. The densities of T cells (CD3-positive) (d) and mast cells (e) were
determined in the ears of wild-type (þ /þ ) and K2-deficient ( / ) mice and
compared by Student’s t-test (three mice per genotype). Error bars show the
standard deviation. *Po0.05; NS, not significant (Student’s t-test). Bar¼40mm.
TNF-a, tumor necrosis factor alpha; TSLP, thymic stromal lymphopoietin.
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confined to the cell periphery in association with desmosomes
(WT in Figure 5e and Krt2 / Krt10þ /þ in Figure 5f).
Moreover, the upper suprabasal cells of all of our keratin
knockout variants contained characteristic large keratohyalin
granules of various shapes (Figure 5b–d, Supplementary Figure
S8b and d online, Supplementary Figure S9c and d online),
which often were also connected to desmosomes via filament
bundles (Supplementary Figure S8b online, arrows). Suprabasal
keratinocytes of Krt2 / Krt10þ /þ mice contained distinct
spongy clumps of intermediate electron density (Figure 5b and
g; Supplementary Figure S8d online), which were absent from
Krt2 / Krt10 / mice (Figure 5d; Supplementary Fig. S9c
and e), suggesting that K10 was an essential and most probably
the main component of these structures.
Immunogold labeling showed that K2 and K10 formed the
keratin filaments in suprabasal but not basal cells of the ear
epidermis of WT mice (Supplementary Figure S7c–f online).
By contrast, K10 was strongly labeled in the electron-dense
parts of the spongy clumps of Krt2 / Krt10þ /þ mice and
was absent from the cytoplasm of the same cells (Figure 5h–l;
Supplementary Figure S8d and e online). The K10-positive
clumps were often attached to desmosomes via filamentous
bundles (Figure 5i and j; Supplementary Figure S8f and g
online) or enclosed mitochondria (Figure 5l; Supplementary
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Figure 4. Deletion of K2 causes changes in epidermal differentiation and aggregation of K10. (a) Proteins were prepared from the ear skin of wild-type (þ /þ ) and
K2-deficient ( / ) mice and subjected to western blot analysis using antibodies against the indicated keratins, loricrin (lor), and filaggrin (flg). Proportional but
reduced amounts of proteins were electrophoresed on a separate gel and stained with Coomassie blue. Positions of molecular mass markers are indicated on the
right. Arrowheads indicate the bands corresponding to the predicted size of the respective western blot antigen. An open arrowhead marks the K2 band. Asterisks
mark the position of filaggrin monomers. (b) Immunofluorescence analysis of K1, K5, K10, K16, loricrin (lor), and filaggrin (flg) in the mouse ear skin. hf, hair
follicle; inf, infundibulum. (c) Immunofluorescence double labeling of K10 and K1 in the ear skin of Krt2 / mice. The last panel shows a detail of the merged
fluorescence image. Arrowheads indicate a cluster of cells containing K10 clumps. Bar¼40mm.
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Figure S8d online). Frequently, short compact K10-positive
filament bundles connected adjacent desmosomes leading to
peculiar protrusions of the cytoplasm (Supplementary Figure
S8e and f). In contrast, keratinocytes of Krt2þ /þ Krt10 /
mice did not contain such large spongy keratin aggregates
as observed in Krt2 / Krt10þ /þ mice but, instead, small
clumps with uniform electron density (Figure 5c and m) that
were strongly positive for K2 by immunogold labeling
(Figure 5m and n). Similar to K10 aggregates in Krt2 /
Krt10þ /þ mice, the K2-positive aggregates were regularly
found near mitochondria and associated with desmosomes
(Figure 5n). In summary, our genetic experiments and ultra-
structural investigations suggest that each one of the two
highly expressed suprabasal keratins, K2 and K10, depends on
the presence of the other at an equivalent level of abundance
and otherwise undergoes aberrant aggregation. However, the
concomitant suppression of both K2 and K10 expression
causes effects that are independent of any keratin aggregation
and suffice to induce hyperkeratosis.
DISCUSSION
The results of this study shed new light into the role of K2
in vivo and the interdependencies of K1, K2, and K10, which
together form the keratin intermediate filaments of the differ-
entiated keratinocytes of the suprabasal epidermis. Our results
demonstrate that the epidermis of the mouse ear but not that of
the back expresses the Krt2 gene. In addition to these data,
which essentially confirm previous studies of K2 expression in
the mouse (Rentrop et al., 1987; Herzog et al., 1994), the
present study reveals the absence, and thus at least local
dispensability, of K1 in the interfollicular epidermis of the
mouse ear, tail, and paw. The mutually exclusive expression
pattern of K1 and K2 in the mouse notably differs from that in
the human epidermis, which contains K1 and K2 in the
interfollicular skin of all body sites as well as in the ridged
skin of palms and soles (Herzog et al., 1994, Swensson et al.,
1998). Although it has been suggested previously that the
expression of K1 is downregulated while that of K2 is
upregulated during terminal differentiation of human
interfollicular keratinocytes (Rothnagel et al., 1994), the
continued presence of K1 in the granular layer has
prevented a clear conclusion about the role of K2 in the
human epidermis. The determination of the mutually
exclusive expression patterns K1 and K2 in the mouse
implies that both type II keratins are sufficient on their own
to complement the type I keratin K10 in the formation of the
intermediate filaments within the suprabasal epidermal
cytoskeleton.
In extending the list of mouse models carrying targeted
mutations of keratin genes, we report the phenotype of mice in
which the Krt2 gene is disrupted by the insertion of a beta-
galactosidase reporter gene followed by a poly-adenylation
site. This construct leads to the effective suppression of
splicing to the 30-terminal exons 4–9 of the Krt2 gene but
allows the formation of a Krt2 mRNA containing an open
reading frame for a truncated K2 protein. Unlike a mutation of
the Krt10 gene, which resulted in the expression of a highly
abundant truncated K10 protein and a marked phenotype in
heterozygous carriers of the mutant Krt10 allele (Porter et al.,
1996; Reichelt et al., 1997), the mutation of the Krt2 gene did
not lead to the expression of a stable truncated K2 protein, as
evidenced by western blot (Figure 4a; Supplementary Figure
S2b online) and immunofluorescence analyses (Supplemen-
tary Figure S2c online) using an antibody against the N-term-
inal portion of K2, nor to aberrations in heterozygous mice
(Supplementary Figures S3 and S5). Therefore, the phenotype
of the mouse model reported here can be attributed to the
ablation of K2 expression.
The development of severely disturbed epidermal home-
ostasis on the ears, soles, and tail of K2 knockout mice
demonstrated that K2 has an essential but body-site–restricted
role in murine keratinocyte differentiation. The deletion of one
allele of Krt2, like hemizygous deletions of Krt10 (Reichelt
et al., 2001 and unpublished observations) or Krt1 (Roth et al.,
2012), is well tolerated, at least under conditions of normal
mechanical stress to the skin. By contrast, homozygous
deletion of type II Krt2 caused aberrant aggregation of the
type I dimerization partner, K10, and defects in the
cytoskeleton by widely preventing cytoplasmic distribution
of filaments and association of short dense bundles to
desmosomes. Interestingly, the absence of K2 induced the
expression of K1 in the epidermis of the ear, and those cells,
which contained high levels of K1 according to
immunofluorescence, formed little if any K10 aggregates
(Figure 4c). This suggested that upregulation of K1 can
partially compensate the loss of K2 in the ear skin. The
signaling pathway leading to upregulation of Krt1 is elusive,
and it remains to be investigated whether the induction of K1
expression depends on signals different from those that induce
hyperkeratosis-associated keratins (K6, K16). Notably, the
genes encoding K1 and K2 are located next to each other,
flanked by Krt77, which codes for another suprabasal keratin
(Langbein et al., 2013). Krt77 is expressed during embryonic
and early postnatal development of the mouse (Langbein
et al., 2013) but is not upregulated in K2-deficient ear skin
(Supplementary Figure S6 online). Interestingly, the deletion of
K2 led to elevated expression of the late differentiation
markers, loricrin, and filaggrin, including the formation of
large keratohyalin granules, possibly representing a compen-
satory barrier maintenance program of suprabasal keratino-
cytes. The interdependencies in the transcriptional control of
suprabasal type II keratins and cornification proteins remain to
be determined in future studies.
The generation of K2, K10, and K2/K10 knockout mice
and the ultrastructural characterization of their epidermis
reveal that K2 forms aggregates when K10 is missing and
that K10 forms aggregates when K2 is missing in the
suprabasal epidermis of mouse ears. These results provide
experimental support for the hypothesis that K2 and K10 are
type I and II heterodimerization partners in the normal
suprabasal epidermis. To the best of our knowledge, this
hypothesis has not been tested previously. The expression of
a mutated K10 protein was reported to cause the disappear-
ance of K2 from mouse sole skin, indicating that K2 depends
on K10 (Porter et al., 1996). However, deletion of another
type I keratin, K9, also diminishes the abundance of K2
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(Fu et al., 2014), although K2 and K9 are expressed in
different regions of the mouse sole and footpads
(Supplementary Figure S10 online) and, in contrast to a
previous suggestion (Bragulla and Homberger, 2009), are
therefore unlikely to heterodimerize in vivo. Our
ultrastructural characterization of K10-deficient ear skin
confirms that K2 requires K10 for intermediate filament
formation. By contrast, K10 has two optional heterodimeri-
zation partners, i.e., K1 and K2, as suggested by our
demonstration of coexpression of K10 with either K1 alone
(on back skin) or K2 alone (in the interfollicular epidermis of
the ears). Similar to K10 clumping in the ear skin of
K2-deficient mice, K10 forms aggregates in the back skin
of K1-deficient mice (Roth et al., 2012).
Although the clumping of the partner keratin appears to be a
direct and, at the subcellular level, marked effect of K2
deficiency in mouse ear epidermis, this phenomenon is
dispensable for the establishment of hyperkeratosis as evi-
denced by the phenotype of K2/K10 double knockout mice.
Perhaps the lack of the normal intermediate filament cytoske-
leton leads to increased mechanical fragility of suprabasal
keratinocytes and corneocytes and a defective epidermal
barrier that triggers epidermal thickening as an attempt to
rescue the barrier. It is conceivable that the lack of the normal
keratin cytoskeleton directly induces the upregulation of K6
and K16, which may establish a proinflammatory milieu
similar to that found in several human skin diseases (Pan
et al., 2013). Even distinct keratinopathies that are caused by
cell-autonomous defects in the cytoskeleton involve skin
inflammation (Gu et al., 2003; Yoneda et al., 2004; Lu
et al., 2007). Thus, it is interesting that Krt2 deletion causes
the upregulation of thymic stromal lymphopoietin and IL-18.
The latter has been reported to have a critical role in the
pathological effects of K1 deficiency (Roth et al., 2012).
Unlike the deletion of Krt1, the deletion of Krt2 leads to a
nonlethal, persistent, and locally restricted phenotype, which
makes the Krt2 knockout mouse a model suitable for testing
therapeutic strategies of suppressing keratin-associated
hyperkeratosis and inflammation in future studies.
In summary, the results of this study suggest that the high
expression levels of K2 and K10 are associated with the
requirement for sufficiently high levels of their respective
heterodimerization partner. The strikingly different contribu-
tions of K2 and K1 to keratinization in the ear and back skin of
the mouse offer special opportunities to dissect the roles of
individual keratins in the suprabasal epidermis and further
characterization of body-site–specific features of the epidermis
in the main model system of skin research.
MATERIALS AND METHODS
Mice
Mice were maintained according to the animal welfare guidelines of
the Medical University of Vienna, Austria. The Krt2 gene was targeted
by the International Knockout Mouse Consortium KOMP-CSD (ID:
22728) (Skarnes et al., 2011) from which heterozygous mice were
obtained for breeding to homozygosity. Genotyping and validation of
the mice was performed as described in the Supplementary Information
online. Krt2 knockout mice on a C57BL/6 background and Krt10
knockout mice on a Balb/c background (Reichelt et al., 2001; Wallace
et al., 2012) were crossed to generate Krt2 / Krt10 / mice. All
experiments were performed with age-matched animals.
Antibodies and antisera
All antisera and antibodies used are listed in Supplementary Table S1
online.
Histological and immunofluorescence analysis
Tissues were fixed in phosphate-buffered 4.5% formaldehyde for 24
hours and embedded in paraffin. Sections were stained with
hematoxylin–eosin or processed for immunofluorescence analysis
according to a protocol published previously (Fischer et al., 2007).
The specificity of the immunolabelings was confirmed by replacing
the primary antibodies with the respective isotype antibodies, which
abolished the specific labeling. Primary and secondary antibodies
used for immunofluorescence analysis are listed in Supplementary
Table S1 online. Counterstaining was performed with Hoechst 33258
(Sigma Aldrich, St Louis, MO). Mast cell infiltrates in the dermis were
identified with 1% toluidine blue staining. Visualization and doc-
umentation were performed using the AX 70 microscope (Olympus,
Hamburg, Germany) equipped with a Spot slider camera (SPOT
Imaging Solutions, Sterling Heights, MI) and the imaging software
Metamorph (Visitron Systems, Puchheim, Germany). Whole mount
X-Gal staining of mouse tissues expressing beta-galactosidase reporter
gene was performed as previously described (Lessard and Coulombe,
2012). Pictures were recorded using the Leica MZ16A Stereo
Microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Western blot analysis and protein staining
Tissue samples were homogenized using a bead mill (Precellys24,
PEQLAB Biotechnology, Erlangen, Germany) containing 10 ceramic
beads of a diameter of 1.4 mm and lysis buffer containing 50 mM Tris
(pH 7.4), 2% SDS, and 200 mM DTT (Sigma Aldrich, Vienna Austria)
for 2 50 seconds at 6,500 r.p.m. The lysates were heated to 95 1C
for 10 minutes and cleared by centrifugation. SDS–PAGE was
conducted on 8–18% gradient gels (GE Amersham, Pharmacia
Biotech, Uppsala, Sweden). The proteins were then transferred by
semidry electroblotting onto nitrocellulose membranes (GE), immu-
nolabeled with the primary and secondary antibodies listed in
Supplementary Table S1 online and detected by chemiluminescence
with the ImmunStar Western C Substrate Kit (Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions. On separate gels,
proteins (amounts proportional to those used for western blot) were
separated by electrophoresis and stained with Coomassie Blue (Page
Blue staining solution, Fisher Scientific, Vienna, Austria).
Transepidermal water loss
Transepidermal water loss was measured on the outer side of ears
immediately after euthanizing mice using a Tewameter from Courage
and Khazaka, model TM300 (Cologne, Germany), which was
equipped with an adaptor having a diameter of 2 mm.
Test of corneocyte stability
Cornified envelopes were prepared according to the method of Koch
et al. (2000). Images were recorded by an inverted microscope set to
phase contrast mode (Olympus, model IMT-2, Hamburg, Germany),
equipped with a digital camera (Olympus, E-520). Images were
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analyzed in a blinded manner and the percentage of undamaged
cornified envelopes was calculated relative to total number.
Quantification of mRNA by reverse transcription real-time PCR
Reverse transcription and quantitative real-time PCRs were performed
according to published protocols (Fischer et al., 2011) using primers
listed in Supplementary Table S2 online. The expression levels
of the target genes were normalized to that of the housekeeping
gene beta-2-microglobulin.
Conventional and immunoelectron microscopy
For electron microscopy, small pieces of ear skin were fixed in 2.5%
glutaraldehyde in sodium cacodylate and postfixed in 2% osmium
tetroxide. The specimens were stained overnight in 0.5% uranyl
acetate, dehydrated, and embedded in Epon. Ultrathin sections were
inspected under an electron microscope EM910 (LEO, Oberkochen,
Germany) (Langbein, et al. 2004). Immunoelectron microscopy was
performed according to published protocols (Langbein et al., 2013).
Details are described in the Supplementary Information online.
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